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Abstract
Plants interact with beneficial microbes living in their rhizosphere, promoting
their growth and development. In arid ecosystems, specific plant-associated
microbes grant plants access to nutrients that would otherwise be inaccessible.
Arbuscular mycorrhizal fungi (AMF) are probably one of the better known below-
ground functional networks with plants. AMF plays a crucial role in plant perfor-
mance and consequently in ecosystem functioning. AMF activities also determine
the bio-availability of nutrients and therefore soil fertility. The main objective of the
present study was to evaluate the plant-AMF interactions on soil functions under
arid ecosystem in Tunisia. AMF colonization was evaluated by visual observation of
AMF in fine roots of Astragalus corrugatus and Lotus creticus on Bou-Hedma National
Park in Tunisia. Mycorrhizal colonization varied between plants, and the spore
number was significantly different across rhizosphere soils. Statistical analysis
showed a clearly positive correlation between the number of spores and plant-
mycorrhizal intensity. For microbiological proprieties, our results showed that
mycorrhizal plants improved significantly the different microbiological parameters.
The results of the present study specified the association plant-AMF and highlight
AMF importance as a tailored mechanism of plant adaptation to arid ecosystems.
Keywords: beneficial microbes, arid ecosystems, arbuscular mycorrhizal fungi
(AMF), mycorrhizal colonization, microbiological proprieties
1. Introduction
Most arid and semiarid regions of Tunisia are frequently exposed to high tem-
peratures and prolonged droughts, which reduce natural vegetation biodiversity
and increase soil erosion and sand dune advance [1–3]. Under arid conditions, plant
adaptation and survival depend obligatory on the plants’ strategies to overcome
drought and deficiencies on nutrients [4]. Low soil fertility in these types of eco-
systems makes plants highly dependent on symbiotic association as plant’s strate-
gies. The developed symbioses, especially “mycorrhizal symbioses,” have been
noted for their importance in the stability of the ecosystem subject to degradation
and desertification. The symbiotic association with mycorrhizal fungi plays a
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significant role in the vegetative cover durability, especially in degraded soil of arid
ecosystems [5].
Arbuscular mycorrhizal fungi (AMF) is a widespread group of soil fungi in
natural ecosystems, forming a symbiotic association with roots of most of the
terrestrial plants [6]. AMF play a significant role in the dynamic of ecosystem and
growth and adaptation of plants to their environments [7]. AMF improve the ability
of the plant to absorb water and nutrients from the soil, thus increasing their
growth and development under unfavorable conditions [8]. AMF protect also their
host plants against divers’ biotic and abiotic stresses because of their beneficial roles
in improving growth and drought tolerance [9].
AMF formed a symbiotic association between plant roots and the surrounding
soils. Root systems play a crucial function in the acquisition of nutrients by
exploiting a good volume of soil absorption [4]. When colonizing the roots of plant
species, AMF developed two important structures: intra- and extra-radical myce-
lium. The intra-radical hyphae penetrate the root cells and develop some structures
(developed vesicles and arbuscules) to improve the exchanges between the fungi
and the plant host [10]. The extra-radical hyphae developed beyond the root
surface and colonized the surrounding substratum. AMF significantly increased in
the area of root absorption of plants colonized by the increase in the volume of soil
explored [11]. So, AMF formation was exactly an adaptive strategy that provides the
plant with an increased ability for nutrients in soils with low nutrient availability,
particularly in arid and semiarid ecosystems [12].
AMF created an advantaged space for microbial development and activities.
They play a crucial role in terrestrial ecosystems’ functioning, especially in arid
ecosystem, where root exudates are the major carbon source supporting soil micro-
bial activities [13]. Apart from the nutritional benefits of the host plant, AMF
increased the tolerance to drought [14], salt stress [15], and protection from root
pathogens. As an important ecological function, AMF enhances soil structure and
stability through the formation of hydro-stable aggregates [16, 17].
Generally, the symbiotic association AMF-plant communities are strongly
dependent on the local environmental factors [18]. Soil physical, chemical, and
biological properties are key factors to determine the AMF community and activity
[19]. It has been reported that edaphic and climatic characteristics affect the diver-
sity and composition of the AMF communities [20]. Some studies established a
strong relationship between AMF colonization and environmental conditions such
as temperature, rainfall, and physicochemical properties of soils [21, 22].
Therefore, in order to understand the effects of mycorrhization on plant devel-
opment and their impact in the ecology of plant communities, it is important to
assess the activities of the AMF community. Due to the relevant and important role
these fungi play in the stability of the ecosystem, in this study we investigated the
plant-AMF interactions on soil functions under arid ecosystem in Bou-Hedma
National Park in Tunisia.
2. Materials and methods
2.1 Study site
The study site is the Bou-Hedma National Park (34°390N and 94°80E). This area
is located in the Governorate of Sidi Bouzid, in central and southern Tunisia
(Figure 1). The park was established in 1980 and covers an area of 16,488 hectares
of which 6000 are under full protection. The mean annual rainfall varies between
150 and 250 mm. The mean annual temperature is about 17.2°C, while the minimal
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and maximal monthly temperature means are, respectively, 3.8°C (January) and
36.2°C (August).
2.2 Roots and soil samples
Fine roots of Astragalus corrugatus and Lotus creticus were collected at 25 cm
depth. Four replicate samples were collected at each plant. Roots were washed with
distilled water to remove attached soil for root colonization assessment.
Separate soil samples were collected from underneath each plant species.
Control soil was recovered in an area which does not contain any vegetation. The
soil samples were sieved to 2 mm to remove plant debris, gravel, and earthworms.
They were then stored at 4°C for further analysis.
2.3 Assessment of root colonization by AMF
Root mycorrhizal colonization was checked for 90 root pieces per plant. Root
segments of 1–2 cm were cleaned in 10% (w/v) potassium hydroxide (KOH) at 90°
C for 1 h and acidified with 1% (w/v) hydrochloric acid (HCl) for 5 min. Then, the
root segments were stained for 90 min at 60°C in 0.05% trypan blue (Phillips and
Hayman, 1970). AMF colonization percentage was evaluated according to the grid
interception of Giovannetti and Mosse [23]. Mycorrhizal frequency and intensity
were calculated as described by Trouvelot et al. [24].
The parameters evaluated are:
• The mycorrhizal frequency (F %), which reflects the importance of the host
plant root system infection by mycorrhizal fungi:
F% ¼ 100 X NN0ð Þ=N (1)
where N, number of the observed fragments; N0, number of non-mycorrhizal
fragments
• The mycorrhizal intensity (M %), which is defined as the proportion of the
root invaded by endomycorrhizal:
M% ¼ 95n5þ 70n4þ 30n3þ 5n2þ n1ð Þ=N: (2)
where n = number of fragments assigned with the index 0, 1, 2, 3, 4, or 5.
Figure 1.
Location of the studied site: Bou-Hedma national park.
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2.4 Extraction and enumeration of AMF spores from soil samples
AMF spores were extracted from 100 g of each soil sample using the wet sieving
method in sucrose gradient as described by Gerdemann and Nicolson [25]. 100 g of
each studied soil sample were submerged in 1 L of tapwater. After 1min of stirring and
30 s of settling, the supernatant was sieved through three nested sieves with mashes of
1000, 100, and 32 μm. The filtrate was collected and sieved again (each soil suspension
was sieved twice). Deposition in the sieves of 32 μmwas recovered in centrifuge tubes
of 25ml. A viscosity gradientwas created by adding 25ml of aqueous sucrose solution at
60%. After 2 min of centrifugation at 2000 at 3000 rpm/min, the supernatant was
poured onto the sieve of 32 μm; the fraction retained was rinsed with distilled water to
remove sucrose. After extraction, spores were counted under a stereomicroscope (40X
magnification), and the average number was calculated per 100 g of dry soil.
2.5 Soil analysis
For chemical analyses, soil pH and electrical conductivity (Ec) were determined
by the saturated paw method in water by pH meter and conductivity meter,
respectively. Total nitrogen (TN) was determined by the Kjeldahl method, and soil
organic carbon (Corg) was determined by the Walkley and Black method. All soil
analyses were performed in triplicate.
2.6 Soil microbial biomass
Microbial biomass carbon (Cmic) present in the different soil samples was
determined by the method of “fumigation–extraction” as described by “Amato and
Ladd [26]”. This method is based on the use of ninhydrin-N reactive compounds
extracted from soils with potassium chloride (KCl) after an incubation period
(around a 10-day fumigation period). All soil analyses were performed in triplicate.
2.7 Biochemical properties
For enzyme activities, phosphatase and β-glucosidase activities were determined
as described by Caravaca et al. [27]. The p-nitrophenol (PNP) formed in
phosphatase activity and the p-nitrophenol glucopyranoside in β-glucosidase were
determined in a spectrophotometer at 398 nm. The dehydrogenase activity was
determined according to Garcia et al. [28]. The iodonitrotetrazolium formazan
(INTF) formed was measured using a spectrophotometer at 490 nm. All soil
analyses were performed in triplicate.
2.8 Statistical analyses
All the statistical analyses were performed by using the SAS statistical package.
The effects of AMF on soil proprieties were subjected to ANOVA for repeated
measures. The least significant difference values at 5% level of significance
(P ≤ 0.05) were calculated to assess differences between parameters.
3. Results
3.1 Physical and chemical proprieties of the studied site
The different physical and chemical proprieties of studied soil are shown in
Table 1. Data showed that the pH was basic (pH > 7) and the electrical conductivity
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was 2 sm 1. The present studied the soil studied was of sandy loam texture. A low
values of water content and available P were registered. The mean soil organic carbon
and total available nitrogen (TN) were around 1.2% and 110 ppm, respectively.
3.2 AMF colonization of roots
Microscopic examinations of root fragments (Figure 2) demonstrated the
development of different endogenous structures characterizing mycorrhizal fungi
(intracellular hyphae, vesicles of varying shapes and arbuscules) in the root cells of















Sandy loam 6.0  0.2 110  10 7.8  0.1 2.0  0.1 1.2  0.1 3.2  0.2
Table 1.
Physical and chemical properties of the studied site.
Figure 2.
Endogenous structures of AMF colonization (intraradical hyphae, and spores) within a root of A. corrugatus.
Figure 3.
Data from AMF colonization (mycorrhizal frequency and mycorrhizal intensity) of plant roots: A. corrugatus
And L. creticus. Error lines correspond to the standard deviation (n = 3). The significant differences calculated
at P < 0.05.
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Mycorrhizal frequency in the roots varied between the two studied Fabaceae
plants, reaching 76.2% (L. creticus) and 92.6% (A. corrugatus) (Figure 3).
The mycorrhizal power that corresponds to the percentage of the mycorrhizal
intensity of root cortex showed a significant difference (Figure 3). The roots of
A. corrugatus have the highest mycorrhizal intensity (60.4%), while the roots of
L. creticus have the lowest values (32.9%).
3.3 Abundance of spores’ densities
AMF spores were detected in all studied soil samples (Figure 4). The majority
number of AMF spores isolated from the rhizosphere varied significantly
(P < 0.05) among the three studied soils; the average numbers ranged from 560
spores to 96 spores per 100 g dry soil. The highest value was recorded in the
rhizosphere of A. corrugatus and the lowest in the control soil devoid of any plant
cover (Figure 4).
Static analyses registered significant differences in the values of spore density
(Figure 4) across the different studied samples, with an increasing trend in
Figure 4.
Data from spores’ density (number of spores) of studied soils. Error lines correspond to the standard deviation
(n = 3). The significant differences calculated at P < 0.05.
Figure 5.
Morphological appearance of some spores in a soil suspension of rhizospheric of A. corrugatus
(magnification: 100X).
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sporulation and with the increasing percentage of mycorrhizal colonization shown
in the root samples of plant species.
A high variability in spore size, color, and shape was observed. The majorities of
the spores were yellow-colored and did not exceed 70 μm in size (Figure 5).
3.4 Microbiological properties: microbial biomass
Microbial biomass varied significantly between the three studied soils
(Figure 6). Rhizospheric soil of A. corrugatus presents the highest values (1277.22 μg
C/g soil) compared with the control soil (112.31 μg C/g soil). The results showed a
very significant effect of the mycorrhizal plant. However, across the different soil
samples, Figure 6 showed significant differences in the values of microbial biomass,
Figure 6.
Data from microbiological parameters (microbial biomass) of studied soils. Error lines correspond to the
standard deviation (n = 3). The significant differences calculated at P < 0.05.
Figure 7.
Data from biochemical parameters (dehydrogenase, β-glucosidase and phosphatase activity) of studied soils.
Error lines correspond to the standard deviation (n = 3). The significant differences calculated at P < 0.05.
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with an increasing trend of microbial communities and with the increasing per-
centage of mycorrhizal colonization.
3.5 Biochemical properties: enzymatic activities
Across the different studied soils, static analyses indicated significant differences
in the values of dehydrogenase activity (Figure 7), with an increasing trend in
enzyme activity and with the increasing percentage of mycorrhizal colonization.
Phosphatase and β-glucosidase activities showed the same trends as dehydrogenase
activity, values were higher in the high mycorrhizal intensity, and they decreased
along with soil devoid of any vegetation types (Figure 7).
4. Discussion
Arbuscular mycorrhizal fungi as symbiotic microorganisms were a major micro-
bial component in the soil that is registered in all different climates and ecosystems
[11]. AMF plays crucial roles in the restoration and retention of soil fertility,
improving significantly the development of the host plant in degraded soils in the
arid and semiarid region [5].
In general, the predominant mycorrhizal associations in natural ecosystems
(such as our study area: Bou-Hedma National Park (Figure 1)) are arbuscular and
vesicular mycorrhizal fungi [29]. The presence of different AMF structures such as
vesicles and arbuscules (Figure 2) in the root cortex of the two studied plants
indicates that these species had a higher mycotrophic status and the mycorrhizal
activity can improve their successful growth in arid regions. Our result is consistent
with the finding that more than 80% of terrestrial plants are mycotrophic plants
[30]. The percentage of mycorrhizal colonization (Figures 2 and 3) varies between
studied plants. However, many plant species have very different levels of depen-
dence to AM fungi to satisfy their nutritional needs [31, 32]. All these can explain
the results obtained in our study since Astragalus corrugatus showed the highest
dependence on mycorrhizal fungi.
Our study revealed considerable variability in spore number. The spore densities
detected in the different studied soil ranged from 96 to 560 spores per 100 g dry
soil. The abundance of AMF spores in the different prospected soils suggests the
high AMF diversity that can characterize our arid studied ecosystem.
Mycorrhizal plant species promote the development of different fungal propa-
gules (spores) in their rhizospheric soil [33]. For this reason, as shown in Figure 4,
the spore number registered in the rhizospheric soil of the two studied plants was
higher than in the open areas (control soil).
As shown in the microscopic observation of spore suspensions (Figure 5), a high
variability in spore size, color, and shape was observed, and the majority of the
spores did not exceed 70 μm in size (a dominance of small spores). Thus, in general,
the predominance of this type may be a strategy of selective adaptation to the major
abiotic stress process and especially the drought stress [34].
We observed as indicated in Figure 4 that spore densities in the plant rhizo-
spheres are correlated significantly with the intensity colonization registered on
their corresponding mycorrhizal root systems [35]. However, the highest
mycorrhizal plant (A. corrugatus) registered the highest spore’s number in their
rhizospheric soil.
The plant-AMF symbiotic association is dependent on multiple factors: soil
nutrient availability [nitrogen (N) and phosphorus (P)], environmental variables
(temperatures), and soil properties (water, pH, salinity, and organic matter) [36].
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In general, AMF play important roles for nutrient acquisition to the host plant [11].
Thus, the levels of mycorrhizal colonization are reduced by high value of P and N
[20]. However, it is not the case in our area of study which is characterized by low
soil nutrient availability (Table 1). Temperature, pH, and water availability also
seem to affect the percentage of root AMF colonization. Thus, it has been reported
that an important value of water content inhibits spore germination by increasing
AMF mycelium growth [34]. As indicated in Table 1, our result showed that all
environmental factors (low values) influence significantly AMF development on
these types of ecosystems which explain the high level of AMF colonization and
spore densities registered in the park.
It is well established that the rhizosphere is a very dynamic biological environ-
ment clearly distinct from the bulk soil (control soil), where microbial diversity and
activity are characteristic. Various microbiological communities in the rhizospheric
soil are essential for the occurrence of fundamental processes (biochemical cycling)
that improve the formation and fertility of the soil and consequently the mainte-
nance and sustainability of arid ecosystems [37]. The measurement of the status and
activities of specific microbial communities contributing to the soil fundamental
processes has the potential to provide particularly rapid and sensitive means of
characterizing changes in soil quality and fertility [3].
Microbiological soil parameters are well known to be used as an important
indicator of soil quality and dynamics. Biological parameters used are those engaged
to characterize the size, structure, and dynamic of the microbial communities in the
soil [38]. As a first biological indicator, soil microbial biomass carbon (Cmic) has
been increasingly considered an environmental marker [39]. Our results (Figure 6)
agree with those reports, which also showed the positive effect of the rhizospheric
soil of mycorrhizal plant on Cmic compared to control soil devoid of vegetation.
The important value of microbial density, estimated by the microbial carbon, was
significantly registered in the soil recovered from two studied plants. The control
soil (opened area) devoid of any vegetation has the lowest Cmic. This finding is in
consistence with the reports, indicating at first that a soil-containing plant main-
tains a higher microbial biomass than soil devoid of vegetation cover [40] and also
that plant species promote the development, the abundance, and the diversity of the
microbial communities in their rhizosphere, which improve soil fertility and levels
of organic matter in the soil [41, 42]. In general, plants can influence the microbial
community by the secretion of different root exudates [43]. Our analyses showed
that the high mycorrhizal plant registered the high densities on microbial
communities.
However, similarly to roots, AMF are leaky and lose nutrients into the
mycosphere, which will selectively promote the development of different microor-
ganisms. In this context, it is to be expected that AMF play a crucial role in the
biological characteristics of the rhizosphere [27, 44]. In this particular respect, the
importance of the AMF in promoting the development of the microbial community
is confirmed by the low levels of microbial carbon observed in the soil without plant
cover (control).
It is notable that rhizosphere activity improves significantly plant fitness and soil
quality because the microbial activity (as biochemical cycling) can help the host
plant to better adapt to stress conditions concerning water and mineral deficit [45].
Soil enzymes take part in organic matter decomposition and the major nutrient
cycling. They are important components for biochemical functioning of soils [3].
Soil enzyme activities have been used as good indicators of microbial activity.
With regard to enzymes present in the different studied soils, dehydrogenase, phos-
phatase, and β-glucosidase are considered as a microbiological activity index of soil
quality in semiarid and arid soils. The potential activities of the three studied enzymes
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(Figure 7) were higher in the rhizosphere of the high mycorrhizal plants than in that
of the bulk soil (soil devoid of vegetation cover). However, AMF increase the
diversity of the carbon sources available to the microorganisms in the rhizosphere
[46], which in part is due to their nutritional mode and excretion of catabolic
enzymes to the surrounding medium. The importance of the soil microbial activity in
association with enzyme activity was highlighted by the similarity in the activity
patterns of the three studied enzymes, an indicator of microbial activity [47].
Furthermore, the major biological activity of soil was a highly sensitive indicator
to biotic and abiotic environmental factors. It is a useful microbiological parameter
of the soil improvement or degradation [48].
At this point it is clear that the impact of AMF on plant community composition
and functioning was a key factor for ecosystem functioning and stability [49].
5. Conclusion
In conclusion, this study is among the firsts report on AMF communities associ-
ated with some herbaceous plant species in arid Tunisia and especially in protected
ecosystem “Bou-Hedma National Park.” Little is currently known about the AMF
composition and activity and their impact on the stability of arid regions on Tunisia.
A. corrugatus have the highest mycorrhizal colonization registered in their roots, and
consequently they registered the highest spore density in their rhizospheric soil.
Our study also reported that the soil microbial activity was improved with the high
levels of AMF. Therefore, the influence of AMF on soil biochemical properties
(enzymatic activities) and their dynamics is significant. The findings of the present
study should be considered on appropriate soil management and the preservation of
the protected ecosystem, especially in the arid region.
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